Agenesis of the Corpus callosum (AgCC) is a frequent brain disorder found in over 80 human congenital syndromes including ciliopathies. Here, we report a severe AgCC in Ftm/Rpgrip1l knockout mouse, which provides a valuable model for Meckel-Grüber syndrome. Rpgrip1l encodes a protein of the ciliary transition zone, which is essential for ciliogenesis in several cell types in mouse including neuroepithelial cells in the developing forebrain.
INTRODUCTION
Coordinated transfer of information between the brain hemispheres is essential for sophisticated sensitive, motor and cognitive functions. The corpus callosum (CC) is the largest commissure that bridges the cerebral cortex of the two hemispheres in the mammalian telencephalon. It consists of over 200 million axons that transfer information between mostly homotopic regions of left and right cortices. CC malformations occur isolated or as part of 80 human congenital syndromes, causing mild to severe cognitive impairment. These malformations, called agenesis of the CC (AgCC) encompass complete as well as partial failure of CC development (1, 2) . AgCC is associated with a variety of syndromes, including ciliopathies, such as Joubert syndrome related disorders (JSRD), Meckel-Grüber (MKS), Orofaciodigital (OFD), acrocallosal and hydrolethalus syndromes (2) (3) (4) . However, the role played by primary cilia in the origin of this developmental defect is still unclear.
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Gli3 encodes a transcription factor whose functions in the Hedgehog (HH) transduction pathway has been shown to depend on primary cilia in vertebrates (23-26). GLI3 undergoes post-translational maturations that lead to two protein isoforms with antagonist transcriptional activities (27-30). In the absence of HH signal, GLI3 is cleaved in a Protein Kinase A (PKA)-and ubiquitin/proteasomedependent process into a short form (GLI3-83) with transcriptional repressor activity (GLI3R) (29, 30 ). GLI3R production requires the primary cilium in a manner that is not totally understood. Recent data suggest that the ciliary localisation of the G-protein coupled receptor GPR161 is required for GLI3 cleavage through controlling cAMP levels and PKA activity at the cilium base (31) . In the presence of HH, GLI3 cleavage is inhibited and a full length form is produced (GLI3-190), which then becomes a labile transcriptional activator (GLI3A) (32) . The primary cilium is also required for the production of GLI3A isoform, possibly by promoting other post-translational modifications (26, 33, 34) . A specific ratio between the two isoforms of GLI3 is precisely maintained in various tissues and controls the transcriptional level of target genes. Disequilibrium in this ratio has been proposed to be responsible for deleterious phenotypes during embryonic development (35, 36) . The Gli3 Extra-toes mutant (Gli3 Xt ), which carries a Gli3 loss of function allele, has very severe cortical defects, precluding CC analysis (37) . Interestingly, the Gli3 hypomorphic mutant Polydactyly Nagoya (Gli3 5 deficient mouse mutant exhibits several hallmarks of ciliopathies, consistent with the functions of RFX transcription factors in ciliogenesis. RFX factors regulate many genes involved in cilia assembly or function (45-47). Rfx3-deficient mice harbour aberrant distribution of guidepost cells required for CC axon pathfinding across the telencephalic midline (41) . This defect is associated with a mild ectopic expansion of FGF8 expression and a reduced ratio of GLI3 short over long isoforms.
Similarly, analysis of Gli3
Pdn have shown that Gli3 is involved in CC formation by controlling the precise positioning of midline guidepost cells during telencephalic patterning (48). Moreover, conditional inactivation of Gli3 has revealed that it is required in the developing dorsal telencephalonand not in the septum or in the medial ganglionic eminence -for CC formation (49).
In this study, our goals were to better understand the role of primary cilia in CC formation and to determine the core molecular components lying downstream of the primary cilium during this morphogenetic event. We used the mouse ciliary mutant carrying a targeted deletion of the found at the ciliary transition zone and containing several protein-protein interaction domains: coiledcoil (CC) and C2 domains (39, 50, 54, 55) . In mouse, RPGRIP1L is required for normal ciliogenesis in some but not all cell types ((14, 50, 56) and unpublished observations). Homozygous Rpgrip1l -/-mice die at birth and recapitulate most malformations observed in MKS and JBTS fetuses such as polydactyly, polycystic kidney, laterality and cardiac defects, as well as brain malformations including cerebellar vermis hypoplasia, microphtalmia, olfactory bulb agenesis and AgCC (14, 39, 50, 56, 57) .
A previous analysis of the origin of the olfactory bulb agenesis in Ftm/Rpgrip1l mutants has shown that: 1) neuroepithelial cells lack their apical primary cilium in E12.5 in the telencephalon; 2) the anterior telencephalon is severely ventralized, a defect reminiscent of that of Gli3 mutants; 3)
GLI3R/GlLI3FL ratio is severely reduced in the developing telencephalon; 4) it is possible to rescue both patterning defects and olfactory bulb morphogenesis, despite the persistence of cilia defects, by increasing the level of GLI3R in Rpgrip1l mutants, using the Gli3 Δ699 allele (14) . The Gli3 Δ699 allele 6 corresponds to a genetically modified Gli3 locus, which results in a premature termination of translation at position 699 of the protein sequence generating a short GLI3 protein functionally similar to GLI3R (58). These results demonstrated that during early telencephalic dorso-ventral (DV) patterning and for olfactory bulb morphogenesis, the major role of Rpgrip1l is to drive GLI3 proteolytic processing.
Here, we analyzed the origin of AgCC in the Ftm/Rpgrip1l mouse mutant. We found an altered distribution of the guidepost cells essential for callosal axon pathfinding that is correlated with early patterning defects in the medial telencephalon. These defects are reminiscent of the phenotype previously described in Rfx3 and Gli3 mutants (41, 49), and we showed that they are primarily due to the reduction of GRI3R. Indeed AgCC in both Rpgrip1l -/-and Rfx3 -/-fetuses can be rescued by the reintroduction of the short repressor form of GLI3 provided by the Gli3 Δ699 allele. While ciliary defects have different molecular origins in these two mutants, in both cases the function of the cilium can be compensated for by expression of the short isoform of GLI3. This work thus establishes that AgCC results from GLI3 processing defects caused by the disruption of cilia functions in Rpgrip1l or Rfx3 mutants. Our results demonstrate that during CC formation the major role of primary cilia is to drive the proteolytic processing of GLI3 into GLI3R, which thus appears as the master effector of primary cilia in the dorsal telencephalon.
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RESULTS
Agenesis of the Corpus Callosum in Rpgrip1l -/-fetuses
We have previously observed that Rpgrip1l -/-fetuses lack the CC (39). Here we first quantified the extent of this defect by analysing serial histological sections stained with Nissl blue that allows consistent labelling of the whole neuronal population ( Fig. 1 A-L) . In control fetuses, the anterior CC lies above the ventral septum (Fig. 1B) and the posterior CC is found above the ventral hippocampal commissure (Fig. 1C, D 1S ). In addition, in the posterior telencephalon of Rpgrip1l -/-fetuses, the hippocampal commissure was missing and dorsal and ventral forebrain tissues were separated by a large ventricular space corresponding to an enlarged interventicular foramen (Monro's foramen) joining the third and lateral ventricles (Fig. 1K, L) .
To clarify the organisation of callosal axons in the midline of Rpgrip1l -/-brains, we next labelled callosal axons using specific antibodies ( Fig. 1M -R) for TAU1 (microtubule associated protein) and L1 (Cell Adhesion Molecule protein L1), expressed in all callosal axons, and for the transmembrane protein NEUROPILIN1 (NPN1), specifically expressed in pioneer callosal axons. In E18.5 control fetuses, TAU1 and L1 immunostaining revealed thick bundles of callosal tracts that crossed the midline ( Fig. 1M-P) . NPN1 immunostaining showed that pioneer callosal axons occupied the dorsalmost part of the CC ( Fig. 1Q and S2E ). In contrast, in Rpgrip1l -/-fetuses, few or no callosal axons 8 anterior region. Rpgrip1l is thus required for the proper formation of two dorso-medial commissures of the telencephalon, the CC and the hippocampal commissure.
Callosal neurons are specified in the cortex of Rpgrip1l -/-fetuses, project an axon towards the midline and are able to follow midline guidance cues
The CC is formed by the axons of cortical neuron subtypes called callosal projection neurons (CPN). These axons extend toward the telencephalic midline, cross it and reach their neuronal targets in the contralateral hemisphere (59, 60) . If CPNs are not correctly specified, the CC fails to form. In rodent, about 80% of the axonal projections that form the CC arise from SATB2-positive (+), late generated upper layer neurons (layer II/III) and 20% come from earlier-born deep layer neurons (layer V-VI), mostly TBR1+ (61, 62) . We thus estimated the number of SATB2+ and TBR1+ neurons in the medio-dorsal cortex of Rpgrip1l -/-fetuses at E18.5 ( Fig. 2) . In both control (n=4) and Rpgrip1l -/-(n=4)
cortices, SATB2+ and TBR1+ cortical neurons were present in similar numbers ( Fig. 2A-F ).
We also examined whether CPN axons navigated correctly towards the midline. The initial direction of the emerging axon of cortical neurons is genetically specified (61, 62) . Only thereafter axonal growth and navigation rely on guidance cues (43) . In order to visualize the directions of CPN axons in Rpgrip1l -/-fetuses, we inserted DiI crystals into the dorso-medial cortex. This labelling revealed the course of isolated cortical axons. Callosal axons first extend from the cortical plate to the intermediate zone, where they turn medially to project towards the telencephalic midline. The same axonal trajectories were observed in control (n=5) and in Rpgrip1l -/-(n=4) brains (Fig. 2G , G').
To further investigate whether AgCC in Rpgrip1l -/-fetuses could be due to cell autonomous defects of CPN axons, we performed in vitro transplantation experiments using different combinations of control and Ftm embryos from the same litter. When E17.5 Rpgrip1l -/-cortical explants were grafted to a control midline, some dye-labelled CPN axons can cross the midline (n=7, Fig. S1 ), as when control cortical explants were grafted to a control midline (n=6, Fig. S1 ). This suggests that Rpgrip1l -/-callosal 9 axons can respond to medial guidance cues; therefore their compromised pathway in Rpgrip1l -/-fetuses most probably relies on midline defects.
Rpgrip1l is required for proper distribution of midline guidepost cells
Callosal axons crossing the midline are guided by several populations of glial and neuronal guidepost cells such as the indusium griseum (IG), the glial wedge (GW), the subcallosal sling (SCS) and the midline zipper glia (MZ)(see schematic on Fig. S2A ) (42, 43) . These structures are strategically located above and below the CC to channel the growing callosal axons across the midline and defects in their specification or distribution can lead to AgCC. We thus examined these different guidepost cell populations in Rpgrip1l -/-fetuses (Fig. 3 ).
The IG is composed of neurons and glial cells situated just above the CC, underneath the medial pia. IG glutamatergic neurons express the Calcium binding proteins CALBINDIN (CB) and CALRETININ, and the transcription factor TBR1 ( Fig. 3D and Fig. S2A and C). In control fetuses at E18.5, CB + IG neurons formed two restricted and symmetrical groups of cells (Fig. 3D ). In contrast, in
Rpgrip1l
-/-fetuses CB + neurons of the IG formed enlarged and loosely arranged asymmetric clusters (arrows in Fig. 3E, F ). CALRETININ and TBR1 staining confirmed this abnormal distribution of the neuronal guidepost cells of the IG in Rpgrip1l -/-brains ( Fig. S2B and D) . As a result, the signaling molecules produced by IG cells, such as the attractant molecule Netrin, were not produced at the right place (compare Fig. S3A and B).
The SCS, also referred to as the callosal corridor, delineates the ventral edge of the CC. It is composed of a transient population of neurons, which originate from the subventricular zone and migrate along the cortico-septal boundary (63, 64) . Sling neurons act as intermediate guidepost cells
by secreting Sema3c, which acts as an attractant for pioneer axons of the cingulate cortex through its interaction with its receptor NPN1 (65, 66) . NEU-N and TBR2 immunostainings revealed the neurons of the SCS, which form a U/V-shaped structure in control sections ( Fig. 3G and S2I ). In contrast in
-/-fetuses, NEU-N and TBR2 immunostainings revealed a dramatic disorganization of SCS 10 neurons: instead of being aligned below the callosal fibers, NEU-N+ and TBR2+ neurons accumulated on both sides of the midline surrounding the Probst bundles (Fig. 3H,I and Fig. S2J , respectively). As a result of the disorganization of the SCS, the signaling molecules produced by SCS cells, such as the attractant molecule Sema3c, were not correctly localised (compare Fig. S3C and D) .
In addition to neuronal guidepost cells, the glial cells in the IG, GW and MZ play an essential role in callosal axon guidance (42) . At E18.5, the glial guideposts express the astrocyte marker, GFAP (Glial Fibrillary Acidic Protein) (Fig. 3J) (64, 67, 68) . The GW is formed by radial glial cells with an apical foot attached to the ventricular zone, whereas IG glia is only attached to the pial surface and MZ glia is restricted to the septal midline (68) . In control fetuses, GFAP immunostaining distinctively identified these three guidepost structures (Fig. 3J ). In contrast, in Rpgrip1l -/-brains, most GFAP+ fascicles spanned the whole cortical width (Fig. 3K ,L) from the apical ventricular zone of the GW to the basal pial end in the IG and MZ. Glial cells appeared disorganized, so that each individual guidepost structure could not be clearly identified. In addition, some GFAP+ fascicles were ectopically localized in the cingulate cortex where they extended from the apical to the basal surface of the cortex (Fig. 3M ).
Taken together, these data show a dramatic disorganization of all glial and neuronal guidepost cells in Rpgrip1l -/-fetuses at E18.5. As these cells express molecules involved in callosal axon guidance, their abnormal distribution is most probably at the origin of the depicted CC agenesis.
Few scattered midline guidepost cells harbour a primary cilium in control and Rpgrip1l
-/-
embryos
Our results raise the question of the role of cilia in specification and positioning of midline guidepost cells. We had previously shown by electron microscopy analysis that Rpgrip1l -/-embryos display abnormal short and bloated primary cilia at the apical surface of neuroepithelial cells at E12.5, whereas the basal body appeared unaffected (14) . Therefore, Rpgrip1l appears essential for cilium We first examined the presence of a primary cilium on differentiated guidepost cells in the IG, the GW and MZ at E18.5. We analysed by immunochemistry the presence of the small GTPase ARL13b and the adenylate cyclase III (AC3), two proteins known to be enriched in the ciliary compartment (70, 71) . The presence of a primary cilium on glial guidepost cells was difficult to definitely establish because of the reticulated staining of GFAP ( Fig. S4E-H ). Still ARL13b staining was detected in close proximity to GFAP staining, in the IG, The GW and the MZ, suggesting that at least some GFAP+ cells may harbour a primary cilium ( were detected in the VZ (Fig. S4N , O, P-P'').
We then examined the presence of cilia in the control medial cortex at E15.5 and E13.5, both in progenitor and in differentiating neurons, ie in the VZ and in the CP. In control embryos, a large number of short primary cilia were detected at both stages in the VZ and the CP (Fig. S5 ). In the VZ most cilia showed a large overlap of ARL13b and AC3 stainings ( Altogether these data showed that some callosal guidepost cells harbour a primary cilium but that cilia are not a major asset of these cell types once they are differentiated. This rather suggested that cilia are required before the differentiation of these cells, since progenitor cells harbour a cilium ( Fig.   S5 ) (14, 72) , which is lacking in Rpgrip1l mutant embryos.
Rpgrip1l is required for correct formation of the cortico-septal boundary
To further understand the origin of the AgCC in Rpgrip1l mutants we investigated the specification and distribution of guidepost cells in the corticoseptal region before callosal axons cross the midline.
The first neuronal IG cells became easily recognizable at E15.5, when they expressed CB and formed two symmetrical groups of cells in the medial pallium of control embryos (Fig. 4A, B ). In contrast, in
Rpgrip1l
-/-embryos, fewer CB+ IG neurons were detected, forming asymmetric clusters under the pial surface ( Fig 4C, D and 7B, arrows).
Little is known about how the positioning of these guidepost cell populations is coordinated during development. In particular, the mechanisms determining the symmetric positions of IG cell along the dorso-ventral axis are still unknown. This position seems correlated with the cortico-septal boundary (CSB), which defines the border between the cingulate cortex dorsally and the septum ventrally, respectively stained by Pax6 and Gad67 at E15.5 ( Fig. 4E-H) . In control embryos, the first CB+ IG cells were present in the cortical side just above the CSB (Fig. 4B , E, G).
In Rpgrip1l mutants, brain morphogenesis was already severely affected at E15.5 ( Fig. 4C) . We have previously shown that Rpgrip1l -/-embryos display a ventralisation of the anterior telencephalon as early as E12.5 (14) . Therefore, the altered distribution of CB + IG cells in Rpgrip1l -/-embryos could 
Rpgrip1l is required for patterning the commissural plate
The spatial organization of the guidepost cells in the telencephalic midline is known to depend on early DV patterning of the commissural plate, which itself depends on the three major early organizing centers of the telencephalon and on their mediators, the signalling molecules of the Wnt/Bmp, Fgf and Shh families. Then, tissue-specific transcription factors expressed downstream of these signaling pathways determine cell fate identity and refine the dorso-ventral domains of the commissural plate (44, 73) .
We previously observed altered morphogenesis and DV patterning defects in the rostral and lateral telencephalon of Rpgrip1l -/-embryos (14). Here we showed that the overall morphology of the midline was already highly abnormal at E12.5 in Rpgrip1l -/-embryos, with a thinner cortical domain (Fig. 5) and a limited caudal extension in the posterior telencephalon. We examined more closely the signaling pathways that cooperate to pattern the medial telencephalon and thus specify the commissural plate.
We investigated the molecular pathways involved in the specification of the CSB. Previous studies 14 have suggested that a balance between FGF, WNT/β-catenin and SLIT2 is important for proper corticoseptal patterning as early as E12.5 (68).
In the telencephalon, FGF signaling is important to induce ventral and rostral cell fates, and accurate FGF signaling is crucial for callosal development (68, 74) . We found that Fgf8 was expressed in the ventral commissural plate in both control and Rpgrip1l -/-embryos at E12.5 (Fig. 5A, B 5P, R) . Similar analysis at E13.5 and E14.5 showed that DV patterning defects became more pronounced with time (data not shown). We also examined at E13.5 the nuclear factor I family (Nfi)
15 genes, Nfi-a, Nfi-b and Nfi-x ( Fig. 6A-H) , which are expressed at high levels in the cortex and at lower levels in the dorsalmost septum (64, 80) . In Rpgrip1l -/-mutants, their expression was strikingly reduced in the cortex and the commissural plate (Fig. 6B, D 
, F, H).
Taken together, our data show that patterning and morphogenesis of the medial telencephalon is already severely affected at E12.5 in Rpgrip1l -/-embryos. Furthermore, DV patterning defects become stronger over time and show a rostro-caudal gradient of severity.
Rescue of AgCC in Rpgrip1l mutants through reintroduction of the short form of Gli3
DV patterning defects and guidepost cell mis-localization in Rpgrip1l mutants are reminiscent of the defects previously described in the Gli3 hypomorphic mutant Gli3 Pdn and in Gli3 conditional mutant (48, 49), suggesting that GLI3 alterations could underlie AgCC in Rpgrip1l -/-animals.
Moreover, we have previously shown that Gli3R/Gli3A ratio, and therefore the GLI3 proteolytic processing is severely reduced in Rpgrip1l -/-telencephalic extracts (14) . Taking advantage of the Gli3 Δ699 knock-in mouse, which carries a mutation in the Gli3 locus leading to the exclusive production of the short isoform of GLI3 (58), we have previously shown that the dorsoventral patterning defects in the Rpgrip1l -/-telencephalon can be compensated for by reintroduction of GLI3R (14) . Moreover, Gli3 expression pattern is not affected in Rpgrip1l -/-telencephalon (data not shown).
We therefore hypothesized that AgCC in Rpgrip1l -/-could also result from a deficiency in GLI3
processing. Indeed, we found that the CSB was properly defined at 15.5 in the double mutant,
Rpgrip1l -/-
; Gli3 Δ699/+ (n=3 ; Fig. 7C, F, I ). Consequently the distribution of the first IG CB+ cells under the medial pial surface (Fig. 7C, F, I ) was similar to the control (Fig. 7A, D (Fig. 8C, F, I , J).
Moreover, the length of the CC was significantly higher in Rpgrip1l -/-; Gli3 Δ699/+ fetuses (n=3) than in
Rpgrip1l
-/-fetuses with partial CC agenesis (n=4) (Fig. 8J ). Altogether these results show that one allele of Gli3 Δ699 is sufficient to restore the formation of the CC in Rpgrip1l mutants.
AgCC in Rfx3 -/-mutants is rescued by reintroduction of Gli3R
To provide further evidence for the molecular mechanisms by which primary cilia influence CC (Fig. 9A, B , E, H) associated with disturbed localisation of CB+ (Fig. 9A, B) or CR+ ( Fig.   9D , E) guidepost neurons and of GFAP+ guidepost glial cells (Fig. 9G, H ). In the presence of an excess of GLI3 repressor form, both the CC formation and the distribution of guidepost cells were significantly rescued (n=3) (Fig. 9C, F, I , K). These results indicate that altered GLI3 processing is responsible for CC defects in Rfx3 -/-mice. Thus, a common GLI3R-dependent mechanism underlies CC defects observed in different ciliary mutants.
DISCUSSION
Ciliopathies frequently display brain abnormalities ranging from mental retardation to anencephaly.
AgCC has been reported in ciliopathies, emphasizing the need to study the developmental mechanisms leading to this brain defect upon cilium deficiency. Here we addressed this question, taking advantage of a mouse mutant for the ciliopathy gene Rpgrip1l. We showed that AgCC was associated with a severe disorganization of guidepost cells involved in callosal axon pathfinding, and correlated with early patterning defects in the medial telencephalon. CC formation, guidepost organization and midline patterning were all restored by reintroduction of a Gli3 Δ699 allele in Rpgrip1l mutants, as well as in another mouse mutant deficient for the ciliogenic transcription factor gene Rfx3. Our data thus
show that AgCC in ciliary mutants reflects a loss of cilium-dependent GLI3 repressor activity during telencephalon patterning.
Clinical relevance of analysing CC defects in mouse models with ciliary dysfunction
AgCC has been reported in several syndromes now recognized as ciliopathies (3, 4) . By definition, callosal anomalies are present in the acrocallosal syndrome. Patients with a mutation of KIF7, the first gene associated with this syndrome, have either complete AgCC or CC hypoplasia (81) . AgCC is almost always observed in the Finnish hydrolethalus syndrome secondary to a mutation in the HYSL1 gene (82) . It is found in more than 80% of patients suffering from Oro-Facio-Digital syndrome type1
and presenting neurological features (83, 84) . In Meckel syndromes AgCC is less frequent and has been reported in cases with mutations in MKS1 (85), TMEM67 (86) and CC2D2A (87) . However, it should be noted that the analysis of the CC is not always possible in fetuses with either anencephaly or large occipital encephalocele particularly if this latter is broken during the abortion, which is the case for Meckel syndrome due to mutation of RPGRIP1L (39) . The frequency of callosal agenesis observed in Joubert syndrome is even lower: two cases with JBTS9 (mutation of CC2D2A) (88) and one case with JBTS12 (mutation of KIF7) have been described (89) . However, AgCC is reported in OFDVI, an allelic disorder of Joubert syndrome type 17 due to mutations of C5ORF42 gene (90) . Thus, AgCC is observed in several ciliopathies, stressing the importance of studying the developmental origin of this brain malformation in mice with defects in primary cilia.
Developmental origin of AgCC in Rpgrip1l -/-fetuses
Rpgrip1l is widely expressed in mammalian embryos and encodes a protein enriched at the ciliary transition zone (39, 50, 51, 55) . We have previously shown that Rpgrip1l -/-embryos display abnormal cilia, devoid of axoneme, in neuroepithelial cells of the forebrain at E12.5 (14) . Hence, the brain phenotypes of Rpgrip1l -/-fetuses likely result from cilia dysfunctions, even if a function of Rpgrip1l outside the cilium cannot be totally excluded. We previously described a severe ventralisation in
Rpgrip1l
-/-telencephalon, which leads to an agenesis of the olfactory bulbs and to the formation of ectopic olfactory bulb-like structures in more dorsal and lateral positions (14) .
Here we show that Rpgrip1l -/-lack proper primary cilia in different cell types involved in CC formation, not only in guidepost cells but also in progenitor cells. Our analysis strongly suggests that cilia are required primarily during telencephalon patterning. In the medial telencephalon of Rpgrip1l In conclusion, the abnormal midline patterning of the telencephalon in Rpgrip1l -/-embryos appears to be the primary defect, which affects the spatial organisation of the guideposts and hence the formation of the CC.
AgCC in two ciliary mutants with different telencephalic phenotypes
A similar, but milder, AgCC has been described in the Rfx3 mutant (41 However midline patterning is globally preserved at E16.5 and a mild expansion of FGF8 signaling has been found in the E12.5 telencephalic midline (41) . Indeed, correct FGF signaling in the telencephalon is essential for CC formation (68) . Notably, in Rpgrip1l -/-embryos we did not detect any defect in the expression of Fgf8 and of FGF target genes at E12.5 ( (14), and this study). This is surprising, since Gli3R production is strongly diminished in the telencephalon of these mutants (14) , and GLI3R is supposed to repress Fgf8 expression in the anterior neural ridge and in the telencephalic midline (19). An interesting possibility to explore would be that the Fgf8 expression pattern upon reduction of GLI3R levels is balanced in Rpgrip1l and Rfx3 mutants by other cilia-related defects.
In conclusion, we demonstrate that in two ciliary mutants, slightly different mechanisms, are acting downstream of GLI3R, result in guidepost cell disorganization and CC agenesis.
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Role of cilium-dependant GLI3 repressor activity in CC formation.
Primary cilia have been shown to modulate the transduction of several signaling pathways essential for brain development. It is thus crucial to determine the pathways by which they control CC formation. Interestingly in the mouse, Gli3 has been shown to play a critical role in CC formation. The
Gli3 hypomorphic mouse mutant Gli3
Pdn displays abnormal telencephalic midline patterning, aberrant positioning of the guideposts and defects in midline crossing of callosal axons (48).
Here we investigated whether a reduction of GLI3R formation could account for AgCC and found that this was indeed the case. By reintroducing in the Rpgrip1l mutant a Gli3 Δ699 allele that produces exclusively a short repressor form of GLI3, we were able to show that GLI3 Δ699 restores normal telencephalic midline patterning and CC formation in the absence of primary cilia. A similar rescue experiment performed in the Rfx3 mutants gave the same result, despite the differences in severity of the patterning defects observed in these two mutants. Thus, a defect of GLI3R production underlies AgCC in both ciliary mutants. However, not all phenotypes of ciliary mutant can be restored by GLI3R. For example, it has been shown recently that GLI3 Δ699 does not rescue ventral telencephalic phenotypes, such as thalamocortical and corticothalamic tracts defects identified in Rfx3 mutants (95).
Similar observations have been made in Rpgrip1l mutants (CL and SSM, unpublished data). This
highlights the different requirement for GLI3R in dorsal and ventral brain regions, like in the posterior neural tube (96) . This is consistent with previous data showing in Gli3 conditional mutants that Gli3 is specifically required in the pallium but not in the septum or in the medial ganglionic eminence for callosal development (49).
The central role for Gli3 in the development of the corpus callosum is also emphasized by callosal agenesis observed in some cases of human GLI3 mutations in Greig cephalopolysyndactyly (97) and in two cases of acrocallosal syndrome (98, 99 (14, 41) . This suggests that a threshold level of GLI3R is sufficient for CC formation, instead of a precise Gli3R/Gli3A ratio.
Altogether our results demonstrate that in the developing dorsal telencephalon the major role of primary cilia is to drive the proteolytic processing of GLI3 into GLI3R.
MATERIALS AND METHODS
Mice
All experimental procedures involving mice were performed in accordance with local ethical guidelines and approved by an ethical committee. Gli3
Δ699
, Rpgrip1l-and Rfx3-deficient mice were produced and genotyped as previously described (14, ) animals into the more robust C57Bl6/J background. In analyses of Rpgrip1l mutant phenotypes, heterozygous and wild-type (wt) embryos did not show qualitative differences and both were used as "control" embryos. Embryonic day (E) 0.5 was defined as noon on the day of vaginal plug detection.
In Situ Hybridization and immunohistochemistry
For histology and in situ hybridization (ISH), embryos were dissected in cold phosphate-buffered saline (PBS) and fixed overnight in 60% ethanol, 30% formaldehyde and 10% acetic acid. Embryos were embedded in paraffin and sectioned (10 m). Cresyl thionin staining and ISH were performed on serial sections as previously described (43, 103) . 
DiI labelling
Brains of E17.5 or E18.5 fetuses were dissected in PBS 1x and fixed overnight in 4%
paraformaldehyde. After three washes in PBS 1x cortical cells were labeled by 1,18-dioctadecyl-3,3,38,38-tetramethylindocarbocyanine perchlorate (DiI; Invitrogene D3883) injections. DiI deposit was performed at different rostro-caudal levels on the left and right hemispheres of control (n=5) and
Rpgrip1l
-/-(n=4) brains. Samples were kept for at least 3 weeks in PBS 1x for the lipophilic dye to diffuse along the fixed cell membranes. Then, we embedded the brains in 4% agarose in PBS and we generated thick coronal brain sections using a vibratome (LeicaVT1000S). Anterograde and retrograde labeling of the cortical cells was observed with a fluorescent binocular (LeicaM165FC) and analyzed with a confocal microscope (Leica TCS SP5 AOBS).
Explant Culture
Organotypic slice cultures of embryonic mouse telencephalon were prepared as follow. Brains were dissected in cold L15 (Gibco; supplemented with penicillin and streptomycin) and embedded in 3% low melti -thick sections were cut with a vibratome. Control (Ctl) and 
